ABSTRACT: There has been tremendous growth in the use of thermoplastic piping systems since their introduction more than 50 years ago. They bring a host of benefits in the form of long-term performance and reliability, ease of installation, and not being prone to corrosion and tuberculation. It was clear early on that thermoplastics could not be evaluated in the same way metallic components would be in similar applications. However, over time the understanding of these materials has matured, and as this understanding continues to develop we must not lose sight of the evaluation methodologies used for establishing the long-term hydrostatic strength of these compounds, and how that strength has been successfully used in designing these systems. This paper will give an overview of the basic methodology used to establish the long-term hydrostatic strength of thermoplastic compounds, and how that strength is used for engineering design in a safe and reliable manner.
Introduction
The long-term strength of a thermoplastic compound cannot be determined from a short-term tensile strength test, as with most metals. As such, testing and evaluation methodologies have been developed which take into account not only the stress-rupture response of thermoplastics when subjected to only hydrostatic pressure, but that also take into account the potential changes in failure mode when subjected to stresses induced by other loadings than just hydrostatic pressure. This more comprehensive evaluation allows for the making of a more engineering appropriate forecast of the long-term strength of these materials so they can be safely used in a pressure pipe application [1] .
The common method for the forecasting of long-term strength relies on putting specimens under multiple continuous stress levels until failure. These data points are then used in a log-log linear regression evaluation. This regression equation is then extrapolated to a point sufficiently further out in time to where a long-term strength can be forecast.
It has been clearly established for many thermoplastics, including PE, that a failure mechanism which occurs at ambient temperature can be maintained and greatly accelerated by elevating the testing temperature. This acceleration has been shown to follow an Arrhenius, or rate process, behavior that is common to many chemical and mechanical processes. However, some thermoplastics, such as PVC, do not lend themselves to these types of accelerated testing methodologies, since they change phase at these elevated test temperatures and such testing would no longer be evaluating the same material properties. By testing at elevated temperatures it can be "validated" that the extrapolation remains linear and ductile beyond the actual test data. This and other criteria established by ASTM D2837 and the Plastics Pipe Institute's Hydrostatic Stress Board policies in Technical Report-3 (TR-3) allow for establishing an appropriate maximum working stress that will assure a very long design life-well in excess of the stress regression extrapolation time [2, 3] .
Establishing the Long-Term Hydrostatic Strength
There are two primary methodologies established for determining the long-term hydrostatic strength of a thermoplastic material for a piping application-ASTM D2837, "Standard Test Method for Obtaining Hydrostatic Design Basis for Thermoplastic Pipe Materials or Pressure Design Basis for Thermoplastic Pipe Products," and ISO 9080, "Plastics piping and ducting systems -Determination of the long-term hydrostatic strength of thermoplastics materials in pipe form by extrapolation" [4] . In addition, there is also a similar methodology used for thermoset compounds with fiber reinforcement-ASTM D2992 [5] . These methodologies are based on similar principles of evaluating the compound under constant stress-below the short-term tensile yield stress-in the form of a pipe and allowing the stress rupture response to be determined under these various stress loadings and durations. Using a single or multiple linear regression model, a forecast of the long-term hydrostatic strength of the material can be made. This is a similar approach to that used with metals in high temperature applications, such as boiler tubes. However, these boiler tubes are only exposed to hydrostatic pressure during service rather than the other potential stresses experienced in a buried piping application. Additionally, these regression curves for metals are a result of a different mechanism than for plastics and cannot be directly compared or applied in the same manner. The results from both the ASTM and ISO methods are valid, but it is ultimately the application of the appropriate design factor to establish a safe maximum working stress that is the key. In North America, ASTM standards are the dominant methodologies utilized, so this method will be further examined. A more detailed analysis of the differences in the ISO and ASTM methodologies are provided in a reference [6] .
In the 1950s designing with thermoplastics was relatively new and there were no standardized methods to do so in a consistent and reliable manner. In 1958, the Thermoplastic Pipe Division of the Society of the Plastics Industry (subsequently named the Plastics Pipe Institute) established the Working Stress Subcommittee, the predecessor of the Hydrostatic Stress Board. This board consisted of various technical persons well-versed in the evaluation and forecast of the long-term strength of plastics. After studying the application for several years the first tentative method was developed, and in 1963 the group issued its first hydrostatic design stress recommendations for thermoplastic compounds. After evolving through fifteen iterations, this method was published in 1969 as ASTM D2837. The methodology has proven pertinent to all thermoplastic materials, and even thermoplastic based composite pipes, that exhibit a response of decreasing rupture strength when subjected to a continuous load.
There are several premises associated with ASTM D2837. It is important to understand that although the material is being evaluated in the form of a pipe, the result is not a "pressure" rating on the pipe, but rather a long-term hydrostatic strength of the compound. It is not a trivial idea that a circumferential stress is being induced in the material after it has been formed into a cylindrical shape using traditional extrusion techniques. Due to the effects of molecular orientation in the extrusion direction, the application of the major stress in the circumferential direction is considered to be the "worst case" condition for evaluation of the material.
The average value of the stress that is generated in the thermoplastic pipe is calculated using a thinwall pressure vessel equation which takes the stress at the mid-wall of the pipe. Since most thermoplastics have a relatively low elastic modulus (compared to metals) it is considered that this method is appropriate for even heavy wall pipe
where:
The D2837 test method requires that a minimum of 18 pipe specimens are placed on hydrostatic test at various stress levels so as to produce failures over at least 3 log decades in time (Table 1) . 
Hours on Test
Number of Failure Points
<1000
At least 6 10-1000
At least 3 1000-6000
At least 3 After 6000
At least 3 After 10,000
At least 1
The data are analyzed by linear regression using a linear least squares approach to yield a best fit logstress versus log-time straight line equation
where: h ¼ logarithm of failure time, hours f ¼ logarithm of failure stress, psi Even though it is traditional to plot log stress (r) on the y-axis and log time (t) on the x-axis, the D2837 regression calculation is performed in the traditional manner where stress (r) is the independent variable for the least squares calculation. Conversely, for the evaluation of thermoset compounds, ASTM D2992 performs the linear regression calculation using time as the independent variable. This D2837 methodology yields a somewhat lower forecast of the long-term hydrostatic strength. While different from D2837, this forecast can still be used for design purposes as long as the chosen design factor adequately takes this into account.
The straight line equation, on a log-log scale, is used to extrapolate the expected strength to the 100 000 h intercept. This stress value is called the long-term hydrostatic strength (LTHS). While it is convenient to analyze this stress-rupture data in a log-log scale, it is apparent that the creep response slope is not linear, as shown in Fig. 1 , with Cartesian coordinates. It can be seen that very early failures that are more indicative of a quick burst type test result in stresses that approach the tensile yield stress obtained by ASTM D638 using tensile bars with a strain rate around 2 in.es/minute. The curve starts to flatten out rather quickly; normally around one to ten hours depending on the type of material, and beyond 100 000 h the curve has become rather flat and approaches an almost steady-state.
Because of this near asymptotic response, and the imposed limitation of extrapolating to only one log decade in time beyond the actual test data, it was determined that extrapolation of the stress-regression data from 10 000 h of actual test data to 100 000 h is an appropriate time for establishing the long-term hydrostatic strength of the material. It should not be mistaken that the extrapolation time is in any way indicative of the design life or expected service life. With the application of the design factor, the design life will be well in excess of this intercept. The extrapolation time could have been extended beyond the 100 000 intercept (as is done in ISO 9080), but there were several important "safeguards" put into place to account for the potential of a lower long-term strength in other ways.
Additional Criteria
As stated in the scope of D2837, this method is applicable to materials for which the log-stress versus logtime-to-fail relationship is expected to continue through at least the 100 000 h intercept. This is an FIG. 1-Stress rupture data plotted on Cartesian coordinates.
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important requirement because if a change in slope, or downturn of the slope, were to occur prior to 100 000 h, this can result in two adverse consequences: (1) a forecast of a falsely greater long-term hydrostatic strength, and (2) a decrease of the strain at failure, which is particularly important because a lower strain capacity has been linked to a larger tendency to fail by the development and slow growth of cracks. For this reason, many metal material specifications require that the material exhibit a greater than 10% ultimate strain during tensile testing.
There are several important caveats within the D2837standard methodology to ensure that using the 100 000 h stress intercept value is appropriate even though the expected design and service life are significantly beyond this timeframe.
1. LCL/LTHS ratio >85%: First, there is a statistical test to make sure the data is suitable for analysis by this method. The 95% two-sided lower confidence limit (LCL) is calculated. If this LCL value differs from the LTHS value (i.e., mean value) by more than 15%, the data is considered unsuitable for analysis by this method. This assures that there is no excessive scatter in the data and that using the mean strength value at 100 000 h is a sufficient estimation of the long-term strength of the material. It was also initially thought when the methodology was first developed that if a material did exhibit a change in the regression slope, or "knee," prior to 10 000 h it would not pass this test. For thermoplastic materials that are known to exhibit a potential change in slope, other criteria have since been instituted in the form of elevated temperature hydrostatic testing to assure this is not the case, which is discussed later in more detail. 2. One log decade extrapolation: It is considered that extrapolating to one log decade beyond the actual test data was as far as should be done for statistically significant results. 3. LTHS50/LTHS >80%: To account for materials that have a steeper regression slope, it is required that if the 50 year intercept value is less than 80% of the 100 000 h intercept value (LTHS) then the more conservative 50-year value must be used as the long-term hydrostatic strength for design purposes. Again, this assures that the 100 000 h intercept value is an appropriate forecast and fairly represents the long-term strength of the material. 4. Limited circumferential expansion: The stress that results in 5% circumferential expansion at 100 000 h is to be considered the LTHS value. This limitation is not typically used for modern thermoplastic compounds used in piping applications. Figure 2 is a graphic representation of a typical stress regression curve at 73 F. developed the system in the early 1900s)-each base value for that category range is increased approximately 25% for the next window, or category. This is a common method for standardizing values so that each material does not have its own unique LTHS, but is placed in categories with other similar materials with at least minimum performance characteristics (Table 2) .
Summary Steps

Validation and Substantiation
For some thermoplastic materials, elevated temperature accelerated testing has shown there may be a potential for a downturn in the slope of the stress regression response prior to 100 000 h. If this is a known potential, then it must be further proven that the extrapolation of the regression line beyond the actual test time is "valid." This process is called "validation." After establishing the 2-coefficient log-log equation and the appropriate LTHS, it now must be validated that the extrapolation of this line beyond the actual test time frame of 10 000 h is appropriate. While not seen in standard 73 F testing, it has been determined that PE materials have two potential failure mechanisms-ductile and slow crack growth, sometimes referred to as a "brittle" failure, which is not a failure mechanism unique only to PE. The point on the stress regression curve where it transitions from ductile type failures to brittle type has been termed the "knee" due to the change in slope of the regression curve. For the regression model calculations, ASTM D2837 requires that only failures that lie on the same line, or slope, can be utilized in the calculations to establish a LTHS at 73 F. For some other materials, such as PVC and CPVC, there does not appear to be a change of slope, even if the failures are deemed either "ductile" or "shatter" type failures. These two different failure mechanisms appear to fall on the same slope, so they are not differentiated by this evaluation methodology, even though a "shatter" type failure is usually the end result of crack growth. The development and growth of a crack occurs not in response to the average value of the imposed stress (such as from internal pressure), but due to the magnitude of a very localized stress that is greater than the average stress. Because of this behavioral difference, the design of ductile behaving materials can be based on average stress. However, the design of brittle behaving materials must give consideration to the effect of localized stress intensifications. This consideration is the reason why the strength reduction factor for brittle materials is larger than that for ductile behaving materials.
Ductile failures consist of typical mass bulk deformation and high levels of plastic straining before failing in a burst fashion. Slow crack growth failures are small slitlike failures and are not accompanied by any apparent bulk deformation or strain in the pipe wall. These failures are typically very small and run axially along the pipe and not circumferentially. This is a very long-term failure mechanism that is initiated by a highly localized stress concentration in the pipe wall. Some causes may be an inhomogeneity in the pipe wall, or a contact loading on the outer surface of the pipe, such as a rock impingement. As the understanding of thermoplastic materials has progressed it is known that some, such as PE, PEX, PP, and PA, have failure mechanisms which behave in an Arrhenius response with temperature with essentially constant activation energy over the relatively small temperature range for testing. This has led to the development of very valuable testing methodologies that use elevated temperatures to accelerate both ductile and brittle failure modes so that the actual performance at lower temperatures can be forecast. Figure  3 shows multi-temperature regression curves at 73, 140, and 176 F with forecasts for both ductile and brittle failure slopes of early generation PE materials.
Validation of the Extrapolation
The rate process method is one such protocol frequently used for validating the extrapolation of the stress rupture curve [7] . The Plastics Pipe Institute Technical Note 16 (TN-16) details the application of the rate process method to PE materials [8] . With these accelerated "validation" methodologies, it can be forecast with even greater confidence that the transition from ductile to brittle, or "knee" is sufficiently far out in time in order to not be a factor in determining the HDB or HDS for the PE material. In recognition of this potential, there are specific tests that must be performed to assure that this ductile/brittle transition does not occur before 100 000 h. This is "validating" that the extrapolation of the linear regression model does in fact remain linear to 100 000 h. In the case of higher performing PE materials it is required that the ductile regression line remains linear through more than 50 years-which is called "substantiation" of the regression linearity. This becomes important for the application of an appropriate design factor used to reduce the HDB to an appropriate working stress.
Because of polyethylene's Arrhenius response the accelerating effects due to temperature, elevated temperature testing protocols have been developed in ASTM D2837 and PPI's TR-3. For instance, ASTM D2837 requires that the HDB at 73 F must be "validated" by testing specimens at 176 F (80 C) for 200 h without any failures. Furthermore, PPI's TR-3, Part F.5 provides that the HDB forecast at 73 F can be substantiated to not have a "knee" prior to 50 years by testing pipe specimens at 176 F (80 C) to at least 6000 h without brittle failures.
PPI TR-3 Policies to Obtain a HDB
The PPI Hydrostatic Stress Board (HSB) uses ASTM D2837 to establish a recommended HDB. The policies for doing so are detailed in Technical Report-3, TR-3. The HSB requirements go beyond just a single D2837 evaluation by requiring that at least three individual lots of the subject material be tested. One of these lots must undergo the full 10 000 h testing according to D2837, while the additional two lots undergo
FIG. 3-Early generation (circa 1970s) PE materials showing forecast of ductile/brittle transition (lines depict the mean and the 95% LCL curves).
"truncated" testing to less than 10 000 h (typically 2000 to 6000 h) in order to show consistency in material performance between production batches.
Once the evaluation is verified to meet the full requirements of TR-3, the recommended HDB at each temperature is published in Technical Report-4, TR-4. These material listings are recognized by various product standards and third party organizations, as well as the Federal DOT, as "proof" of the materials recommended hydrostatic design basis and hydrostatic design stress.
Design Factor and Hydrostatic Design Stress
Once the HDB has been determined for a thermoplastic compound, it is necessary to then reduce this strength into an allowable working stress (i.e., the stress induced only by the internal pressure) for a longterm design in a way that will assure an indefinite design life with a satisfactory margin of safety, even when stresses other than those induced from internal pressure exist on the piping system (e.g., soil loads, bends, joints, rock impingement, scratches, gouges, etc…). This maximum allowable stress, or the hydrostatic design stress (HDS), is derived by multiplying the HDB by a strength reduction factor called the design factor (DF), which should not be confused with the traditional safety factor
where: HDS ¼ hydrostatic design stress, psi HDB ¼ hydrostatic design basis, psi DF ¼ design factor, a number less than one Understanding the basis and assumptions used for establishing the HDB, as along with the typical installation practices, operating conditions, and associated potential failure mechanisms of the material, is critical to establishing an appropriate reduction factor to determine the hydrostatic design stress. The definition of the HDS in ASTM D2837 is-"The estimated maximum tensile stress the material is capable of withstanding continuously with a high degree of certainty that failure of the pipe will not occur. This stress is circumferential when hydrostatic water pressure is applied." While the appropriate design factor is not given in D2837, notes 8 and 9 give some guidance for the determination of the appropriate design (service) factor.
Some aspects that must be considered when determining the appropriate design factor (DF): 1. Use of the mean strength forecast rather than the minimum, or LCL, value. It is required that the LCL be at least 85% of the mean. This supports the idea that using the mean value is appropriate and not overly optimistic, but still must be taken into account with the design factor. 2. Taking the strength at 100 000 h rather than 50 years or longer. The design life of the system will normally be in excess of 50 years. If the 50 year value is less than 80% of the 100 000 value, then use the 50 year value. This takes into account material with a more severe stress rupture slope, and is rated in a more conservative manner, if that is the case. 3. Potential variations in the material and pipe manufacturing process. This can be more critical for those materials that depend on the quality of extrusion to develop long-term strength. These variations will have some effect on the long-term performance of the piping system. 4. The failure mechanism-for some materials it is required that the HDB at 73 F is based solely on the ductile failure extrapolation curve. It must be validated through elevated temperature testing that the ductile/brittle transition, or "knee," is beyond 100 000 h. For high performance PE materials the HDB is substantiated to 50 years. For other materials that cannot be easily tested at elevated temperatures the linear continuation of the extrapolation must be assumed, which will also affect the appropriate DF. 5. Additional additive stresses the material is likely to encounter in a piping system from installation, soil loads, and typical operating conditions. Viscoelastic materials can undergo stress relaxation over time which can lessen the impact of these additive stresses. 6. How the material will respond to localized stress intensifications from imperfections in the pipe, rock impingement, notches, tapping, soil shifts, etc… A more ductile material will shed these intensified stress point loadings, while a more brittle material is likely to be damaged, resulting in crack growth and early failure. When the Working Stress Committee first developed this methodology it was decided by consensus that a "satisfactory" design factor for thermoplastics in the piping application should be 0.5 (note: it was initially a divisor of 2.0, but in order to differentiate the design factor from a safety factor it was changed to a multiplier of 0.5). There were arguments for both a lower and higher value. This is considered an "overall" factor that can be applied to most operating conditions considered to be routine. The design engineer is always able to use additional reduction factors if deemed necessary for the application.
This reduction factor was deliberately termed a design factor rather than a safety factor because the way it is being applied is not a true safety factor. It is understood that the ratio of the material's long-term strength (i.e., HDB) to the actual induced stresses from internal pressure was not 2:1, nor did it need to be. There is a large margin of safety (greater than 2:1) against failure from over pressurization or the slow growth of a crack over the service life of the piping system.
It must also be understood there is not a "strength reservoir" for most thermoplastic materials that is being drawn from when exposed to a continuous long-term stress condition. Stress rupture strength is not a measure of the strength of the material at a particular point in time, but rather the response to a constant load over a long period of time. When the load is reduced or removed its effect is altered. The rate of creep, a viscoelastic response, is diminished or reversed. If the material is operating at a condition where "brittle" type failures are likely to occur, this rate is also diminished or stopped. There is little, if any, residual effect. This will be slightly different for various types of thermoplastics depending on their viscoelastic response to stress and strain.
Research has shown that for PE pipes that have been under constant hydrostatic pressure for more than 100 000 h (eleven years) at a temperature of 140 F (60 C) there is no decrease in the burst strength of that pipe [13] . Table 3 summarizes this research. PE pipe compounds A through G were tested under constant hydrostatic stress according to ASTM D1598 at a temperature of 140 F (60 C) for up to 115 000 h [9] . After being removed from test without having failed, they were subjected to quick burst testing as per ASTM D1599 [10] . As can be seen from the resulting data there was no decrease in the burst pressure of the tested pipes as compared to the control pipes which were not tested under continuous hydrostatic stress. Applying the estimated Arrhenius response for temperature acceleration, testing at 140 F (60 C) for 100 000 h is equivalent to more than 300 yr at 73 F (23 C). This is a key reason why the design factor (DF), as applied to thermoplastic pipe design, is not simply the inverse of the safety factor. During the entire service life of a thermoplastic piping system the margin of safety against failure from short-term over pressurization will always be greater than two to one (2:1)-actually approaching four to one (4:1) in many cases. For instance, a 24 in. SDR 11 PE 4710 pipe may have a maximum operating pressure of 200 psig at 73 F. The short-term burst pressure of this pipe would be around 1000 psig, even after many, many years in service. 
Effect on Design Life
Historical field performance over the decades has shown that it is not the hoop stress from internal pressure that will determine the service life of a plastic pipe, but rather how the material responds to other induced stresses during service and the corresponding stress intensification (point loading, fatigue, surge, etc...) [11] . Ductile materials will shed these stress concentrations by distributing the stress into the surrounding matrix, while more brittle materials will tend to be further affected and result in a reduced service life. This is why ductile materials are typically assigned a higher strength reduction factor than more brittle behaving materials.
Since the application of the design factor is typically under the purview of the design engineer and was not part the ASTM standards process, the Plastics Pipes Institute Hydrostatic Stress Board has been the source of a recommended hydrostatic design stress (HDS) and thus the corresponding DF for thermoplastic materials intended for piping applications for more than 40 years. The application of the strength reduction factor (i.e., design factor) results in a maximum hydrostatic design stress (HDS) which takes into account that there will be additional stresses on the system, as well as how the piping material will respond to these conditions as potential failure mechanisms. This has been a very successful design practice. These HDS recommendations for thermoplastic compounds are published in the Plastics Pipe Institute Technical Report-4 (TR-4) [12] .
Moving Past the 0.50 Design Factor with Enhanced Performance Criteria
After several years of studying the subject of potentially increasing the recommended maximum working stress for some PE materials, the Hydrostatic Stress Board (HSB) determined that, based on the historically proven field failure modes, if the material demonstrated sufficient resistance to failure induced by localized stress intensifications (i.e., slow crack growth resistance), which is the main failure mechanism for plastic piping systems, that it could be operated at a somewhat higher bulk stress induced from internal pressure without sacrificing the overall operating margin of safety of the piping system. This concept was further supported by the successful 20 yr operating history of these types of PE piping systems designed and operated under the ISO series of standards which allow for a design stress as high as 1160 psi. Historical recommendations from the HSB limited these materials to a recommended maximum operating stress of 800 psi.
At the end of its investigation the HSB established three critical performance criteria for a PE material to qualify for the higher 0.63 design factor; in addition to those requirements already imposed by ASTM D2837 and PPI TR-3. PE materials not meeting these requirements continue to utilize the 0.50 DF for determining the maximum recommended design stress at 73 F.
Additional required criteria for PE materials in order to be utilized with a 0.63 design factor:
1. A demonstration, in accordance with Plastics Pipe Institutes policies in TR-3, that in its stress-rupture evaluation by D2837 a PE material shall continue to fail by the ductile mode through at least the 50-year intercept at 73 F. This requirement ensures that the PE material continues to operate in the ductile state even after very prolonged periods of sustained stress. 2. The 95% lower confidence limit (LCL) of the projected average value of the material's long term hydrostatic strength cannot be less than 90% of the average value that is forecast by means of method ASTM D2837 (i.e., the LCL/LTHS ratio must be great than 0.90). A high LCL/LTHS ratio enhances the statistical reliability of the forecast of the long-term strength. It is also another indication of high resistance to failure by a brittle-like mechanism, a mechanism that leads to greater scatter in stress-rupture data. 3. The minimum failure time under ASTM test method F1473, a fracture mechanics based test method that uses a combination of a significantly elevated test temperature and a very sharp notch that induces a high localized stress intensification in the test specimen, cannot be less than 500 h. This time is about five times greater than the test time which, based on a calibration of test results versus actual field experience, has been found to result in essential immunity to the effect of localized stress intensifications that occur under actual field conditions. If a PE material meets these enhanced performance criteria, it is appropriate to be able to operate at a higher maximum design stress induced by internal pressure because the additive stresses during buried piping service will be much less likely to result in localized stress intensifications that could cause a brittle failure [13] . As compared to early generation PE materials for piping applications depicted in Fig. 3 , stress regression curves for high performance PE materials meeting the additional criteria are shown in Fig. 4 . These curves are the result of entirely ductile failure points. It can been seen that the transition to brittle failure, indicated by a downturn in the slopes of Fig. 3 , has been essentially eliminated as a potential failure mechanism at service temperatures and conditions, so this material qualifies for the higher HDS and corresponding working pressure rating. Even at this higher operating pressure, there remains a substantial "safety factor" against ductile rupture due to short-term over pressurization. Of course the question could be asked, "Why 0.63 rather than 0.67 or some other value?" The answer comes from ASTM D2837. It is recommended that when applying a service design factor the number is selected from ANSI Z17. or ISO 3 for Preferred Numbers in the R10 series. In the R10 series 0.63 is the next step up from 0.5. The HSB studied what the higher allowable operating stress would be and determined that a PE material could perform safely at this level compared to the burst stress and expected service life.
Conclusion
Unlike metals, thermoplastic materials cannot have their long-term strength determined from a short-term tensile test. However, like metals, the quality and length of structural performance is greatly determined by the material's continuing capacity to operate in the ductile state. Due to viscoelastic behavior the response under constant steady-state loading must be determined by applying a constant load at various stress levels in order to produce failures ranging over several log-decades in time as per ASTM D2837, or other similar stress regression methods. Once the LTHS of the material has been established it is categorized into a hydrostatic design basis for standardization purposes. This HDB must then be reduced to a maximum working stress induced by internal pressure (HDS) with the application of a design factor. In determining the appropriate design factor, many considerations must be taken into account-the methodology used to determine the long-term strength and associated assumptions, along with the potential failure mechanisms of the material and the environment in which it will be used. Results of field experience has shown that the nature of the mechanism by which a thermoplastic pipe material fails under actual service conditions is a most important factor in the establishment of that material's design stress for pressure pipe applications. In North America, for thermoplastic materials analyzed by D2837 the PPI Hydrostatic Stress Board has recommended a design factor of 0.5 as the historical reduction factor. Other parts of world have long used a less conservative factor, as high as an equivalent of 0.71, and have had a very successful operating history associated with their particular installation and operating practices.
It is also important to note that evaluation methodologies used to determine the long-term hydrostatic strength do not adequately replicate the conditions and stresses a thermoplastic pipe is likely to experience during service. In the early 2000s the Hydrostatic Stress Board determined that high performance PE materials that meet stringent additional criteria can be operated at a higher hydrostatic design stress determined utilizing a 0.63 design factor, while still maintaining a large margin of safety against failure-both short-term and long-term. These materials remain ductile for a very long time and exhibit high resistance to slow crack growth, and thus are much less prone to failure from localized stress intensifications which can occur during normal operation of a plastic piping system. Systems designed under this methodology will continue to have a design life well in excess of 50 years.
